APPENDIX A 

Marked-Up Version of Claims to Show Changes Made 

1. (Amended) A method for inhibiting the proliferation of mammalian cells that express 
[the] an A2B adenosine receptor comprising administering a therapeutically effective 
amount of an A2B adenosine receptor antagonist to the [mammal] mammalian cells, 
whereby the proliferation of cells is inhibited . 

2. The method of claim 1 wherein the cells that express the A2B adenosine receptor are 
vascular endothelial cells. 

3. (Amended) The method of claim 2 wherein the vascular endothelial cells that express the 
A 2 b adenosine receptor are selected from the group consisting of coronary endothelial 
cells[,] and endothelial cells from the vascular bed. 

4. The method of claim 3 wherein the vascular bed endothelial cells are selected from the 
group consisting of tumor endothelial cells, retinal endothelial cells, dermal endothelial 
cells, and brain endothelial cells. 

5. (Amended) The method of claim [1] 4 wherein the vascular bed endothelial cells are 
retinal endothelial cells. 

6. The method of claim 1 wherein the A 2B adenosine receptor antagonist inhibits the 
expression of vascular endothelial cell growth factor (VEGF). 

7. The method of claim 1 wherein the A 2 b adenosine receptor antagonist is an A 2 b 
adenosine receptor antisense oligonucleotide. 

8. The method of claim 1 wherein the A 2 b adenosine receptor antagonist is an A 2 B-specific 
ribozyme. 

9. The method of claim 1 wherein the A 2 b adenosine receptor antagonist is a non-selective 
adenosine receptor antagonist. 

10. The method of claim 1 wherein the A 2 b adenosine receptor antagonist is a selective A 2 b 
adenosine receptor antagonist. 

11. (Amended) The method of claim 1 wherein the A 2B adenosine receptor antagonist is 
administered in an amount [raging] ranging from about 1 microgram/kg to about 50 
milligrams/kg. 

12. (Amended) The method of claim 1 wherein the [adenosine] A 2B adenosine receptor 
antagonist is administered in an amount ranging from about 1 microgram/kg to about 10 
milligrams/kg. 

13. The method of claim 1 wherein the A 2B adenosine receptor antagonist is administered by 
a method selected from the group consisting of orally, nasally, transdermally, by bolus, 
intravenously, in eye drops, by inhalation, and by using micropumps. 

14. (Amended) The method of claim 1 wherein the A 2 b adenosine receptor [agonist] 
antagonist is administered in eye drops. 

15. The method of claim 1 wherein the mammal is a human. 
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Ribozymes are small RNA structures capable of cleav- 
ing RNA target molecules in a catalytic fashion. 
Designed ribozymes can be targeted to specific mRNAs, 
blocking their expression without affecting normal 
functions of other genes. Because of their specific and 
catalytic mode of action ribozymes arc ideal agents for 
therapeutic interventions against malfunctioning or 
foreign gene products. Here we report successful 
experiments to 4 knock out* a major translation product 
in vivo using synthesized, chemically modified 
ribozymes. The ribozymes, designed to cleave amelo- 
genin mRNA, were injected close to developing man- 
dibular molar teeth in newborn mice, resulting in a 
prolonged and specific arrest of amelogenin synthesis 
not caused by general toxicity. No carriers were 
required to assist cellular uptake. Amelogenins are 
highly conserved tissue-specific proteins that play a 
central role in mammalian enamel biomineralization. 
Ultrastructural analyses of in vivo ribozyme-treated 
teeth demonstrated their failure to develop normally 
mineralized enamel. These results demonstrate that 
synthesized ribozymes can be highly effective in achiev- 
ing both timed and localized 4 knock-out* of important 
gene products in vivo 9 and suggest new possibilities 
for suppression of gene expression for research and 
therapeutic purposes. 

Keywords: 2'-0-allyIribonucleotides/amelogenir^iomineraI- 
ization/dental enamel/synthetic hammerhead ribozymes 



Introduction 

Interference with gene expression at the level of mRNA 
holds great promise for therapeutic interventions in cases 
of malfunctioning gene products and infectious diseases. 
Wagner (1994) recently summarized the available 
experience of using oligodeoxynucleotides for this purpose 
and listed the criteria that should be rigorously applied in 
the evaluation of such experiments. Designed hammerhead 
ribozymes represent an alternative technology with even 
greater potential advantages. Hammerhead ribozymes are 
small RNA structures capable of cleaving an RNA target 
molecule in a catalytic fashion in the presence of 



Mg- + (Pylc. 1993). They bear a resemblance to enzymes, 
and contain a catalytic motif made up of three base paired 
stems and a core of highly conserved, non-complementary 
nucleotides essential for catalysis (Ccch and Uhlenbeck. 
1994). Their three-dimensional (3-D) structure and mode 
of action have recently been elucidated (Uhlenbeck, 1987; 
Pley ex «/., 1994; Tuschl e\ at. t 1994). Hammerhead 
ribozyme activity can be targeted to specific mRNAs by 
choosing the sequences flanking the catalytic motif. The 
two hammerhead ribozymes used here were designed to 
block expression of amelogenin, the major translation 
product during mammalian tooth enamel matrix synthesis, 
in mice. The enamel is a unique tissue due to its hardness, 
which reflects a high degree of mineralization. The mineral 
component is mainly hydroxyapatite (HAp) in the form 
of closely packed ultramicroscopic crystals, larger than 
those in other mineralized mammalian tissues (bone, 
dentin and dental cementum). The crystals are organized 
by differential orientation into a basic pattern of prisms 
(rods) and inicrprism (interred), which is common to 
all mammals. Amelogenins are the main product of 
ameioblasis (Termine et at.. 1 980 1. the single layered, 
columnar epithelial cells lining the crown of the tooth 
anlage (Figure 1). and are expressed only in this organ 
(Chen et at,. 1994). Amelogenins are supposed to play 
a crucial role in mammalian enamel biomineralization. 
possibly by forming supramolecular structures that control 
the HAp crystal growth during enamel formation (Fincham 
et «/., 1994). The primary structure of amelogenin derived 
from cow, pig. rat. mouse and human demonstrates a high 
degree of sequence homology between these species 
(Brooks et at.. 1994). 

The murine amelogenin gene < AMEL) is located distally 




Kig. 1. Lingual view of right mandible of a newborn mouse showing 
incisor (I) and first (Mj) and second tM : i molar tooth germs. M ( 
where enamel formation has started, and M ; where enamel formation 
is about to start iCohn. 1957; Gaunt. 1964 m St, and M : depicted as if 
sectioned). From the tip of the cusps the ameloolasts (A) differentiate 
in the cervical direction to produce and mature enamel (Sasaki el ai. 
1990). Needle oomi ion during injection i- indicated. 
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Kig. 2. Automdiopraph of | vs S|mcihkwinc Libelled proteins from 
normal and ribozyme -treated first molar uxMh buds from mandible of 
newborn mice Lanes u and b contain proteins from looth buds ot 
untreated mice. Lanes c and d contain proteins from tooth buds 
isolated 4 h after inject inn of 25 ug »f ^ A MEL nbo/yme. Lano e-l 
contain proteins from tooth buds isolated 4. 12. 24. 48 and 72 h after 
injection of SO \i£ of too AMEL ribo/ynw. Each lane represents 
proteins from one half of a first molar tooth hud. The 22. 2.V 2S and 
27 kDa proteins were identified as amelogenins by panein sequent in j: 
The disappearance of amclo^enins indicated j total anesi ol their 
synthesis All other protein hands appearcu" unaffected b> the ribo/ynie 
injection and served as internal controls for the specilicit> ol \\\c 
AMEL hammerhead riho/yme. 

(0.73) on the X chromosome (Lau ct aL. 1989) and its 
cDNA has been cloned (Snead et aL. 1985) The AMEL 
gene gives rise to four different polypeptides (Figure 2) 
caused by differential splicing (Lau vt aL. 1992). Here 
we report successful in viva experiments w ith synthetic 
hammerhead nbozymes. achieving a specific restricted 
knock out' of the AMEL gene. By local injections (Figure 
1 ) of synthetic ribozyme constructions into newborn mice 
the major translation product of ameloblasts during the 
initial stage of enamel formation was eliminated. No 
carriers were required lo assist uptake. The ribozyme 
effect was monitored both by direct measurement of target 
protein levels and by loss of biological function. A series 
of controls demonstrates that the blocking of AMEL 
expression was specific. Our experiments fulfill the criteria 
listed by Wagner { 1994), and is the first reported study that 
clearly demonstrates the in vivo efficacy of synthesized, 
chemically modified hammerhead nbozymes. 

Results 

Effect of the AMEL hammerhead ribozymes 

N-terminal amino acid sequences of the 22. 23, 25 and 
27 kDa protein bands appearing on SDS-PAGE of molar 
looth extracts were revealed by Edman degradation and 
cyanogen bromide cleavage (Hewick ft aL. 1981). The 
protein bands were identified as AMEL proteins when 
compared with previously reported murine amelogenin 
protein sequences (Fincham ct aL. 1991) and were in 
accordance with the cloned murine AMELcDN A sequence 



(Sncad et aL. I9K5>). The half-life of amelogcnins in 
molars of newborn mice was determined to be -210 min 
in initial pulse~cha>c experiments where cycloheximide 
(8 p:g/g body weight) and cold methionine (2(X) pg) were 
given 100 min after labelled methionine. Amelogcnins 
were isolated and their content of | v<i S (methionine deter- 
mined after I(X), 200. 300 and 400 min. 

When compared with untreated siblings, all ribozyme - 
tnjected mice showed a marked decrease in the incorpora- 
tion of radiolabclled methionine into the amelogenin bands 
of molar tooth extracts from the injected side after 4 h. 
Doses of 25 jig ribozyme resulted in a nearly 909c decrease 
of l^S|methionine in the amelogenin bands. At 50 fig per 
animal a complete arrest of amelogenin synthesis on the 
side of injection resulted (Figure 2). This complete arrest 
of AMEL gene expression lasted -24 h (Figure 3a). After 
3 days amelogenin synthesis was still nearly 50# inhibited. 
It took 90 h to restore its synthesis to the normal level 
( 100%). After 100 h a brief overexpression (120*) of the 
AMEL gene was observed. Amelogenin synthesis was 
back to normal before 120 h and then stabilized at 
this level. 

To see what influence the V terminal phosphorothioate 
protection of the internucleotide linkages had on nbozyme 
function and stability, an AMEL hammerhead ribozyme 
not carrying this modification was applied. Except for a 
slightly higher and longer lasting efficacy and a slightly 
more rapid breakdown of the unsulfurized nbozyme. 
the two AMEL hammerhead nbozymes acted similarly 
(Figure 3b). 

Inhibition of amelogenin synthesis was observed in 
both the first and the second molar on the side of the 
injection. In the corresponding contralateral molars a 
reduction of labelled amelogenins of -25% was observed 
at 12 h. 

The AMEL hammerhead ribozymes had full activity 
against all AMEL splice products as none of the four 
amelogenins appeared in the electrophoresis gels from 
teeth of ribozyme-ireated mice (Figure 2). No other 
proteins in these gels were affected by the ribozyme 
injections. 

Effect of control injections 

Three control oligomers were also designed in order to 
isolate the ribozyme effects from other oligoribonucleotide 
effects. One control was an inactive version of the above 
chemically modified ribozymes in which *G12' in the 
conserved hammerhead motif (Haseloff and Gerlach. 
1988) was replaced by an A*, leading to loss of catalytic 
activity. The second control was a straight antisense 
oligo(2'-Oallylribonucieotide» designed against the same 
AMEL mRNA region as the nbozymes and applied to 
distinguish between the ribozyme effect and an ordinary 
antisense effect. The third control was a randomized 
oligomer of 18 bases applied for detection of unspecified 
or toxic actions of the synthetic ribozymes. A fourth 
control containing only 5 uJ stenle saline was included to 
see whether the injection trauma itself influenced enamel 
formation. 

Injections with the mutated nbozyme gave an immediate 
inhibition of AMEL expression of >80% (Figure 3c). 
After 12 h. however, the inhibition was only 40%, and 
normal levels of amelogenin synthesis were restored within 
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Fig. 3. Effect of injection of AM EL hammerhead nbozymes on pSJmeth.omnc incorporation into amelogenins in neuborr, ™«^^^* n l 
various control oligonucleotide* were injected into separate newborn (day 1 1 mice. Saline injected and untreated litter mates >erved » contra K T he 
|«S|me.hionine .ncorporated into tooth buds was quantised in 8 Pho*phorlmager (Molecular Dynarmcs,. Value, are ,n _ pe ™i IMS N^ - 
Incorporated imo amelogenins of the corresponding teeth of untreated litter mates, normalized tor the s.« ol the available free ^.ornne pooMn 
each tooth bud. These control values are indicated by the 10W line (n = 16 at each t.me pomw ut AM EL hammert*ad ^«"-J*** ^ ,s 
the mean * SD of four experiments, each with five mice in = 20). lb) AMEL hammerhead rihoiyme wtihout 3 P^™^* 
internucleot.de linkages. Each value « the mean i SD of one experiment with five m,ce { « - 5, ,c> Mutated *^>™^ " 
the mean i SD of two experiments, each w.th five mice (n - 10) (d) AMEL aniens* oligonucleotide in - I0>. (et Random ol.gonuLleot.de 
controls (n = 8). (0 Saline controls (n = 8) 



24 h. In contrast to earlier in vitro experiments with 
antisense oligo(2'-0-allylribonuclcotide)s (Johansson 
el ai. 1994), the straight antisense oligoribonucleotide 
injections produced an effect much like that of the mutated 
ribozyme, initially inhibiting AMEL expression by 80% 
(Figure 3d), after 12 h inhibition was only 3CK*. and 
normal amelogcmn synthesis levels were restored before 
24 h. Random oligonucleotide injections or saline injec- 



tions had essentially no influence on the monitored protein 
synthesis, and the quantity of incorporated [ w S)mcthionine 
in these animals did not differ significantly from that of 
their untreated siblings (Figure 3e and f). 

Control injections of 5 u.1 0.5<* Try pan Blue in saline 
were used to mark the area of diffusion of the injected 
fluid. The dye could easily be demonstrated in the 
mandibular molar tooth buds within 30 mm afier injection. 
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Discussion 

The AMF.L hammcrhcail rirwyinc motif (HaselolT aiul 
Gerlach. l*JHK) was Hanked by two AMHL mRNA binding 
regions (6 and 7 bp. respectively ), chosen to optimize the 
catalytic activity of the ribo/yme without losing specificity 
(Goodchild and Kohli, 1991). Its target was the GUC 
sequence of the mouse AMEL £cne in which the G is at 
base H6 of the mRNA (Sncad ct uL. 1985). The proposed 
hammerhead ribozymes were chemically modified 
(Paolellaff ai. 1992; Sproal ct «/.. 1994) to contain mostly 
2'-0-allylribonucleotides and only five ribonucleotides 
required for catalysis, viz- G5, A6, G8. GI2 and A 15. 
using the standard numbering system (Hertel et a/.. 1992). 
so as to have long term stability in vivo. The allylation of 
U4 is essential to block RNase A attack at this position. 
In addition, one of the two otherwise identical AMEL 
hammerhead ribozymes, the mutated ribozyme and the 
antisense oligori trinucleotide, carried two sulfurized 
.V-proximal internucleotide linkages to reduce .V-exo- 
nucleasc attack further. 

Global 2'-0-a1!ylation of oligoribonucleotides confers 
nuclease resistance, chemical stability, in hybridization 
high specificity for RNA over DNA and minimal non- 
specific binding (Iribarrcn et oL. 1990: Lamond and 
Sproat. 1993). all of which are essential requirements for 
in vivo experiments. Cellular uptake may also be facilitated 
because of the increased hydrophobieit) imparted by I'-O- 
allylation 

The ribozymes used here totally inhibited expression 
of the AMEL gene in newborn mice ' without affecting 
normal functions of other genes. Apparently, no other 
proteins were affected by the ribozyme injections (Figure 
2). thus constituting a valuable internal control for the 
specificity of the ribozymes. 

The fact that the control dye was detectable in the tooth 
buds within 30 min, the observed rapid loss of AMEL 
expression and the fact that amelogenins are produced 
within ameloblasts only (Chen et aL 1994), provide strong 
evidence that the modified oligoribonucleotides effectively 
reach and penetrate these cells, as has been demonstrated 
for oligodeoxynucleotides when applied to cultured tooth 
organs (Dtekwisch et a/., 1993). 

The mutated ribozyme and the antisense oligoribo- 
nucleotide showed similar effects during the first 12 h. 
This suggests that the amelogenin-specific hybridizing 
arms of the mutated ribozyme make it act like an ordinary 
antisense oligoribonucleolide inhibiting amelogenin syn- 
thesis for a short period, possibly by temporary blockage 
of ribosome progression along mRNA and that the 
hammerhead motif itself does not affect the specific 
binding of its flanking regions to amelogenin mRNAs. 

Injections containing the randomized oligonucleotide 
had essentially no influence on AMEL expression (Figure 
3d), nor did they produce any structural defects in the 
mature enamel. This indicates that the observed ribozyme 
effect was not due to a non-specific or toxic influence of 
oligonucleotides on AMEL expression. Neither did mice 
injected with saline show any significant difference from 
their untreated siblings, indicating that the injections 
themselves did not affect protein synthesis or function in 
developing enamel. 

The slightly increased efficacy of the ribozyme not 



protected by 3' phosphorolhtoale internucleotide linkages 
might reflect an enhanced cellular uptake of this oligomer. 
The apparent slightly more rapid cessation of its effect 
may be due to a more rapid breakdown caused by an 
increased sensitivity to 3'-exonuclease attack on this 
ribo/yme. 

The difference in occurrence of enamel defects among 
first and second molars reflects the different developmental 
stages of these teeth at the time of ribozyme injection. 
The fact that the second molar was more severely affected 
than the first molar indicates that amelogenin plays a key 
role at a very early stage in enamel development and may 
be less important at later stages. Areas with normal enamel 
formation within each affected tooth represent early (occlu- 
sal) and late (cervical) enamel matrix synthesis unaffected 
by the time-limited ribozyme effect applied here. 

Designed hammerhead ribozymes are promising agents 
for blocking specific gene expression. Chemical modifica- 
tions enhance their stability, potency and ability to enter 
cells. As the 3-D structures of the hammerhead motifs are 
revealed, even more effective ribozymes can be developed. 
The tooth model lends itself nicely to the study of ribozyme 
function in vivo since the biological consequences of the 
ribozyme effect arc permanently displayed in the mature 
enamel. We report the first demonstration of in vivo 
efficacy of synthesized, chemically modified ribozymes. 
Only a few cases of specific gene inhibition caused 
by antisense oligodeoxynucleotides have been rigorously 
demonstrated in cultured cells before (Wagner, 1994). Our 
experiments clearly illustrate the advantages of combining 
the catalvtie activity of a hammerhead motif with the 
specificitv of antisense oligomers in a chemically modified 
oligoribonucleotide to obtain both enhanced and prolonged 
specific blocking of gene expression in vivo. The strategy 
used in this model could be highly effective in achieving 
both timed and localized knock-outs' of important gene 
products in vivo, and suggests new possibilities for suppres- 
sion of cene expression for research and therapeutic 
purposes. 

Materials and methods 

Otigoribonucleotide synthesis 

The AMEL hammerhead nbozyme <5 - LGUUGA CUgaUgAGGCC- 
GUUAGGCCgAAa£AGCT^A£SC>. the unsulfunzcd ribozyme (5 - 
UGUUGA CfeaUgAGGCCGUUAGGC CgAAaCAGCACUhe mutated 
nbozymc i 5 ' - UCUUGA CUgaUgAGGCCGLX' AGGCCaAAaCAGC^ 
SAfSO . the straight antisense ohgw^'-O-atlvlribonucieotideKS'-UfitJ.- 
UGAGACAGC/^AfSC ) and the I8mer randomized oligonucleotide 
{scrambled, unmodified) were synthesized on solid-phase using phos- 
phoramidite chemistry {capital letters are y O-aUylribonucleotides and 
lower case letter* are ribonucleotides, pruwphorothioate protected intem- 
ucleoiide linkages are denoted PS. underlined sequences are complement- 
ary to the AMEL target sequencer The ribonucleotides carried standard 

T-0-te rt-botvldimethylsilyl protection, which was subsequently removed 

by treatment of the partially dcproiected oligomer with neat triethylaminc 

trihydroflijonde (Gasparutto et at.. W2\. Tfce oligonucleotides were 
punned b> HPLC before injection. 

Experiment*! design 

Oligoribonuvleotidcs were dissolved in sterile saline to a final concentra- 
tion of 10 ng/pl «ch. and 50 m? oi each delivered by submandibular 
injection into lue newborn BALB/C t albino) mice without addition of 
liposomes or other vehicles to enhance cellular uptake. On the first da\ 
after birth each animal received an injection of ribozyme or control 
oligonucleotides on the lingual side ot the neht mandibular molar area 
Other controls received 5 ul ^ lin * A reference group of untreated 
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siblings hI llic c\|Vtmicntal annuals w.is iiichukd to monitor the normal 
AMI I explosion in ihcsc muc 

lii(ci iioiis ol s pi 0 I r\ p.ui I Hue in saline were used to mark the 
.iK.i ol tliltiiMoii All ni|CcHo4is wni' carried out using :i Hamilton 
Miinp' wild .1 II * mm nccilk- .tl ilk- rale til - I ul/s. Al 0. X. 20. 32. 44. 
ON Ko. l >2. L '(> I Id in 140 li altci lhc nundi hiil.ir infections cxjvnnicnul 
.imiiuiK .uul .i iclciciicc grmip received .1 4 h pulse of 20 uCi 
\ u S|iiKilihwiiiu' ( Aiik-i Oi.im) given i p Hie mice were itien sacrificed 
.uul ilK-ir nuiiultlHil.il molar hh«Ii buds wire doweled out. Uach Unrth 
bud w.is rinsed in sierilc valine jiul boiled in M> fll 2x SDS-PAGH 
simple Iniller (0 4 g SOS. 1 .0 g 2-mcrcaptivthanol. 0.(12 g bmmophenol 
blue and 4 4 g glycciol in 10 ml 0 125 M Tris-HCI, pH 6 XI lor 5 mm 
ll.ill ol each sample was ihvn submitted u> electrophoresis on I2 r * 
SI>S-polyacryl;nnidc pels ;ii K0 in A overnight The pels were dried and 
placed m .i Phosphor Image i (Molecular Dynamics) lo delect radioactive 
meihuinine incorporated into the proteins present Subsequently, the gels 
were submitted to ordinary autoradiography lor 30 days as a visual 
control Proteins in Ok other hair of each sample were precipitated with 
On N perchloric acid <PCA) and the supernatant was cleared by 
centnlugaiion The Iree radiolabeled methionine in the supernatant was 
measured in j Packard Tneafh Scintillation counter and used to normalize 
the values (mm the l*hosph<»rlinager so that individual differences in the 
availability ol radioLibclled methionine were adjusted for. 

Scanning electron microscopy 

Randomly selected mice injected once with the AMLL hammerhead 
nbo/ymc t>n da> I alter birth were sacrificed at 5 weeks of ape. when 
their molar iceth were fully developed and erupted. Mice injected with 
the random i/ed 1 8 mcr oligonucleotide and with saline only, and untrealcd 
siblings were included as controls The mandibular molars from Ihese 
mice were dissected out. taking care ihm to damage enamel structures, 
and prepared for scanning electron microscopy (SEM) by sectioning and 
pnndinp (Risncs. 1985 i. etching three times lor 10 s in 0.1 nitric acid 
and sputter-coat in fi with gold-palladium A Phillips 515 SF.M was 
operated at 15 kV 

Protein sequencing 

Amelogenin protein bands separated hy SDS-PAGB were transferred 
onto a polyfvinylideiK' dinuondci membrane b> the semi -dry sandwich' 
clcctrnblotting technique iMatsuduira. 19X7 >. The membrane was stained 
wnh Cooinassie Blue and the lour amelopenin hands cut out. separated 
and submitted to Rdman degradation and in \iiu cyanogen bromide 
cleavage (Hewick et at.. 1981). 

N-lcrminal amino acid sequences were analyzed with an Applied 
Hiosy stems 477 A instrument coupled to a 120 A analy/er After a 
sufficient number of Edman degradation cycles, the remaining liltcr- 
bound polypeptides were cleaved in utu w ith CS Br. The filters with the 
adhering polypeptides were placed in Epnendorf lubes. 30 u.1 CNBr 
solution (0.2 g/ml 70<* formic acid) was applied to the tillers, and an 
extra 30 M' w »s placed in the bottom of each tube, below the filters, to 
keep them moist Nitrogen gas was introduced, alter which the lubes 
were sealed and incubated for 24 h in the dark Following this treatment, 
the tillers were dried under vacuum and reapplied to the sequencer. 
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Communicated by Frank Lilly , Sov ember 22, 1993 

ABSTRACT Phosphorylation of glucose to glucose 6 -phos- 
phate by giucokinase (GK; EC 2.7.1.2) serves as a glucose- 
sensing mechanism for regulating insulin secretion in fi cells* 
Recent findings of heterozygous GK gene mutations in patients 
with maturity-onset diabetes of tbc young (MODY), a form of 
type U (non-insulin-dependent) diabetes characterized by au- 
tosomal dominant Inheritance, have raised the possibility that 
a decrease in 0-ceiI GK activity may impair the insulin 
secretory response of these ceils to glucose. To generate an 
animal model for MODY we have expressed in transgenic mice 
a GK antisensc RNA with a ribozyme dement under control of 
the insulin promoter. Mice In two Independent Uncages had 
about 30% of the normal islet GK activity. Insulin release in 
response to glucose from in sftu-perfused pancreas was un- 
paired; however, the plasma glucose and insulin levels of the 
mice remained normal. These mice are likely to be predisposed 
to type II diabetes and may manifest increased susceptibility to 
genetic and environmental diabetogenic factors. They provide 
an animal model for studying the interaction of such factors 
with the reduced islet GK activity. 



The mechanisms by which pancreatic cells sense and 
respond to physiological changes in blood glucose have been 
the subject of extensive investigation. Glucose-induced in- 
sulin secretion requires the metabolism of glucose in 0 cells 
(1), The phosphorylation of glucose to glucose 6- phosphate, 
which determines the rate of glycolysis, has been proposed to 
constitute a key glucose-sensing mechanism for regulating 
insulin secretion (2). 0 cells and hepatocytes express a 
rugh-/T m member of the hexoicinase family, giucokinase (GK; 
EC 2.7.1.2), which is responsible for the majority of glucose 
phosphorylation activity in cells (2). While in the liver 
transcription of the GK gene is induced by insulin (3, 4), GK 
expression in 0 cells is primarily regulated by glucose at the 
translations! and post-translational levels (3. 5). 

Recent DNA polymorphism studies have established a 
linkage between the GK locus and diabetes in patients with 
a non-insultn-dependem diabetes meliitus form termed ma- 
turity-onset diabetes of the young (MODY) (6. 7). This 
disease is characterized by an early age of onset and an 
autosomal dominant inheritance. Sequencing of the GK gene 
from MODY patients has detected a number of nonsense and 
missense mutations which are associated with regions of the 
enzyme molecule involved in glucose and ATP binding (6. 7). 
The molecular mechanism which makes these mutations 
dominant remains unknown. The inheritance pattern of the 
disease suggests that the patients* 0 cells contain normal 
enzyme molecules encoded by the wild-type allele. The 
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mutant proteins manifest drastically reduced activities (8, 9). 
Since GK expression in $ cells is not transcriptionally 
regulated, the wild-type allele cannot compensate for this 
reduction. The decreased GK activity may be sufficient to 
shift the threshold for glucose sensing, thereby resulting in 
impaired insulin secretion at physiological glucose levels. 
However, it remains unclear whether abnormal glucose up- 
take by the liver contributes to the disease. 

Understanding of the human disease can benefit from an 
animal model, which will allow detailed bicKhemical and 
physiological studies. We sought to generate a mouse model 
for MODY by specifically reducing GK activity in fi cells, 
without affecting its function in the liver. To this end a GK 
ribozyme was expressed in 0 cells in transgenic mice. Ri- 
bozymes are RNA molecules that possess catalytic RNA- 
cleavage activity (10, 11). By flanking the ribozyme catalytic 
element with two gene-specific fragments in antisensc orien- 
tation the ribozyme activity can be targeted against a unique 
RNA sequence, thus reducing target mRNA levels and 
activity. The transgenic mice expressing the GK ribozyme 
manifest only a third of the normal islet GK activity. Insulin 
secretion in response to glucose is impaired; however, the 
mice remain euglycemic. These findings suggest that GK 
deficiency in the liver, in addition to that in the islets, may 
play a role in the induction of diabetes in MODY patients. 
These mice provide an animai model for studying the inter- 
action of genetic and environmental diabetogenic factors with 
the reduced islet GK activity. 

MATERIALS AM) METHODS 

Plasmid Constructs. Two oligonucleotides were synthe- 
sized containing two 12-basc fragments derived from mouse 
GK gene exon } sequence (12} that flank a hammerhead 
ribozyme c?.:.u>uc clement (10. 11). Annealing of the sense 
oligonucleotide 5'-GATCCTCTCCCACTTTCTGATGAG- 
TCCGTGAGGACGAAACCAGCATCACCGGTAC-3' and 
the antisensc oligonucleotide 5-CCGTGATCCTGGTT- 
TCGTCCTCACGGACTCATCAGAAAGTGGGAGAG-3' 
created a fragment (GKRZ) with BamHl and Kpn 1 protrud- 
ing ends, which was ligated downstream of a hybrid intron 
clement (13) and upstream of the simian virus 40 late poly- 
adenylylation site in pMLSlS.CAT (13). The combined 
675-bp fragment was inserted into the Xba I and Sal I sites of 
pRIP-Tag (14) downstream of the rat insulin II gene promoter 
to form pRIP-GKRZ. A DNA fragment containing the neo- 
mycin-resistance gene under control of the pgk promoter (15) 
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was inserted into the Sal I site of pRIP-GKRZ to torm 
pRIP-GKRZ/neo. 

Generation of Transgenic Mice. Linearized p RIP-GKRZ 
DNA was microinjected into C3HcB/FcJ mouse embryos, 
and transgenic mice were generated and bred according to 
established procedures (16), 

RNA Analysis. Five million £TTC6 cells (17) were electro- 
porated with 30 *tg of pRIP-GKRZ/neo DNA in 1 ml of 
Dulbecco's modified Eagle's medium (DMEM) at 800 jiFand 
250 V. RNA was extracted from G418-resistam and untrans- 
fected cells by using RNA Stat-60 (Tel-Test. Friendswood. 
TX). Five micrograms of RNA was reverse-transcribed, and 
1% of the reaction volume was used in 35 cycles of PCR 
amplification with sense (5'-CTCTAGAATTCGCTGTCT- 
GCGAGG-3') and antisense (5'-CACTGCATTCTAGTT- 
GTGGTTTGTCC-3 ') oligonucleotides flanking the intron. 
The amplified fragments were fractionated on a 1.25% aga- 
rose gel. visualized with ethidiuci bromide, and photo- 
graphed under UV light. PolytA)* mRNA was selected with 
the PolytA) Quik kit (Stratagene). Ten micrograms of mRNA 
was fractionated on a 1% agarose/0.22 M formaldehyde 
gel, blotted onto nitrocellulose filter, hybridized with a 
[ 3 -P]dCTP-labeled rat GK cDNA probe, and autoradio- 
graphed on an x-ray film. The blot was stripped and rehy- 
bridized with an a- tubulin probe to normalize for mRNA 
loading. The autoradiographs were scanned with an LKB 
Ultroscan XL densitometer. 

Immuno blotting. Proteins were extracted from G418- 
resistant and untransfected cells as described (18). Twenty 
micrograms of protein was fractionated on a 12% polyacryl- 
amide/SDS gel, electrobiotted onto an Immobilon-P filter 
(Millipore), and probed as described (19) with a sheep an- 
li-GK serum (19). The bound antibody was visualized with a 
horseradish peroxidase -conjugated second antibody and a 
chemiluminescent substrate (ECL. Amersham) by exposure 
to an x-ray film and quantitated by densitometry. Protein 
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Fig. 1. Design of the RIP-GKRZ construct. {A) GKRZ tramcn pi 
hybridized with the target GK mRNA. The conserved riboryme 
nucleotides arc iho*-n m boldface letterv The irrow mirks the 
puutive cleavage me. i3) RIP-GKRZ hybrid gene. The gene consists 
of a synthetic DNA fragment encoding the ribozyrnc flanked by GK 
antisense sequences (GKRZK an upstream iniron clement, and a 
downstream polyadenyiylauon sue. 
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Fig. 2. Analysts of p RIP-GKRZ effect on GK expression in 
transfected 0TC cells. (A) Reverse transcriptase-PCR analysis of 
GKRZ expression in the transfecied cells. Expression is manifested 
by the 200-bp band that results from spliced transcripts. Lane p 
contains an unspliced fragment amplified from p RIP-GKRZ DNA. 
Size markers arc in bp. (B) Northern blotting analysis of GK mRNA. 
Ribosotnal RNA bands serve as size markers. Rehybridization with 
an a-tubulin probe is shown at the bottom. (C) Immunoblouing 
analysis of GK protein. Size markers are in kDa- 

samples in separate lanes were stained with Coomassie blue, 
and the dried gel was quantitated by densitometry to nor- 
malize for protein loading. 

Immunohistochcmistnr. Pancreas samples were sectioned 
and analyzed with a sheep anti-GK serum as described (19). 

Glucose Phosphorylation. Islets were isolated from the 
pancreas by collagenase infusion through the bile duct (20). 
Islet homogenates from 1- to 3-month-old mice were incu- 
bated with glucose at various concentrations in the presence 
of ATP, glucose-6- phosphate dehydrogenase, and NAD, and 
the formation of NADH was monitored fluorimetrically as 
described (5). 

Pancreas Perfusion. Anesthetized 4- to 7- month-old mice 
were cannulated through the aorta and portal vein and 
perfused with oxygenated Krebs-Ringer buffer containing 
glucose in an increasing concentration gradient. Samples 
were collected and assayed for glucose by a glucose analyzer 
and for insulin by RIA. 

RESULTS 

A synthetic DNA fragment was generated that consisted of 

two 12-bp fragments of mouse GK gene exon 3 sequence (12) 
in antisense orientation thai flank a ribozyme catalytic do- 
main (10. 11) (Fig. I A). This region of the gene was chosen 
as target because it encodes the putative ATP-binding site of 
the protein (21). The ribozyme element was introduced to 
increase the efficiency of the antisense RNA molecules by 
providing them with the ability to cleave the target mRNA. 
The hybrid DNA fragment was placed downstream of the rat 
insulin II promoter and an intron element, and upstream of 
the simian virus 40 late polyadenylylation site (Fig. 15). 
Stable transfection of this construct, denoted RIP-GKRZ, 
into ffTC cells resulted in a 459c reduction in GK mRNA 
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Fic 3 Immunochemical aiui^s of RIP-GKRZ pancreas. Ti«u* *e 

sheep scrum. <*1 Transgenic islet named with anu-Gk seniRi. tC» Norma. . 
anti-GK serum. iBa: represents 20 u.-n.i 

levels: however, no cleavage products could be J««"<J 
(Fig- Immunoblotting analysis revealed a to j-fold 
reiuaioa in GK protein levels, compared wuh -^ransfected 
cells (Fig. 20- GK activity u« reduced !fom .80 - O b 
units (U)/g of protein in uninfected ctxh to l.U. - u.u. 
J 1U - 1 Mmol of product per rr,n.. Tr,s rcduct.on 
rfe«ed glucosc^nduced insul.n re!ea>e ,n these ceUs om> 
marginally (data not sho* nh prcsumablx because the> won- 
tahwituch [higher act, vities of the ^ - k- ^^ ,n ^'f^ 
5 U/e of protein.. l22>. unlike nor.r.u: .sr:, «n *h.ch the 
predominant acuity is that ot GK t<ee nc. 4r 

The RIP-GKRZ construct microin;e.-.ed m,o mou,c 
embry os, and 7 transgenic mou^ I.nea«* - ere 
Lineaees 2 and 4 expressed the trar.«ne. a, ;ud«d_ b> PCR 
analyses of islet cDN A. Immuncf .oumc ^ /■ ms ot rotated 
islets revealed a 2-fold reduction ,n nc: rrotein corn- 
pared uiih norrr.ai islets *da:a r.c: - 
mensurate to mat observed »n ir.e ir^'.tzw* ^J™^ 
nohistochernica! onaU ^ oi ra"-'-"-^ Al - ■' 
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Glucofcuise Hexoidntse 

V^'vLJ* 'ex pho A s l hor l^ lion * ctiv »y ^ RIP-GKRZ islets. 

i $P ™ d ncxokjn *" ^rc calculated from Eadie- 
Hofstee plots. The great difference in K m . 0.05 and 8 tn Mfor 
hexokinase and GK. respectively, allow, u ? to distfiSiih Se two 

S^rf^E hatChe ? 1 ^ WP<5KJ ^ 4 Values art e^resied 

anaJysis of glucose-induced insulin secretion from in situ- 
perfused pancreas (Fig. 5) revealed a markedly reduced 
response of the transgenic pancreas, compared with that of 
normal controls, in the glucose concentration range of 75-200 
mg/al. 

DISCUSSION 

'S^^!T m T^J^ * m ° f * hybrid ^isense. 
nbozyme RNA to effect cell-specific changes in gene expres- 
sion m vtvo. Expression of the RIP-GKRZ gene resulted in a 
significant reduction of approximately 70% in both GK 
protein level and activity. The sequence specificity of this 
approach is demonstrated by a lack of effect on expression of 
tne related hexokinase genes. Quantitation of GK mRNA in 
transfected 0 cells suggests that the attenuation of expression 
may occur in pan through degradation of the target GK 
transcript. Additional attenuation may be exerted through 
reduced transitional activity of the GK mRNA, presumably 
by the formation of double-stranded RNA hybrids with the 
GKR2 transcripts, as has been observed in other antisense 
RNA experiments (23). Translation of GK mRNA may be 
particularly sensitive to inhibition in 0 cells, since GK 
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inn«J ; / nSUlm sccrctlon from »'*-P*nused control (z) and 
transgenjc (•> mouse pancreas. Values are mean r SEM (n - 5) 
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"Passion tn these ceils is regulated mainly at translation* 
and post-translauonai levels (3. 5). The incomplete inhibition 
or expression obtained with the ancisense approach mav 
represent an advantage for studying its consequences in Wvo 
since it mimics the situation in MODY. In addition total 
shut-off of expression may be lethal. * 
In spite of the considerable reduction in 0-cell GKactivirv 

. C to »r? t lcVci * vc$ risc 10 <J"t>€tes in MODY patients' 
the RIP-GKRZ mice had normal blood glucose and insulin* 
leve s. As demonstrated by the perfusion results (Fig. 5) the 
insulin secretory response to glucose alone is greatly reduced 
in the transgenic mice, compared with normal controls in a 
manner similar to that observed in MODY patients (24)' It is 
possible that in the mouse other insulin secretagogucs can 
compensate for the reduction in glucose- induced secretion 
Alternatively, these results may indicate that an impaired 
liver function, m addition to that of 0 ceils, is required for the 
induction of oven diabetes by GK deficiency. Such liver 
impairments have been documented in MODY patients (25) 
The finding that partial attenuation of expression of the 
normal GK protein is sufficient to impair the sensitivity of B 
cells to glucose supports the interpretation of the dominance 
of the GK mutations in MODY as a gene-dosage effect, rather 
than a gain-of-fiincuon negative dominant effect of the mu- 
tant protein. 

The reduced 0-ceil GK activity in the RIP-GKRZ mice may 
represent a predisposition to diabetes. This may develop into 
oven disease in certain physiological conditions, such as 
those caused by age. sex, weight, diet, and genetic back- 
ground differences. Thus, these mice provide an experimen- 
tal system for studying the effect of such factors on the 
development of type II diabetes. 
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ABSTRACT 

We have generated three artificial hammerhead 
ribozymes, denoted Rz-b\ *Rz-C and Rz-cT, with 
different specificities for exon II of the mouse 
beta-2-microglobulin (02M) mRNA. In this study we 
tested for ribozyme mediated reduction of /32M mRNA 
in a cell line and In transgenic mice. Transfections of 
either of the Rz-b, Rz-c or Rz-d plasmids into a mouse 
cell-line (NIH/3T3) revealed reductions of £2M mRNA 
substrate in each case. Ribozyme expression in 
individual transfected clones was accompanied with an 
up to 80% reduction of 32M mRNA levels. Rz-c was 
selected for a transgenic study. Seven Rz-c transgenic 
founder animals were identified from which three 
ribozyme expressing families were established and 
analysed. Expression of the ribozyme transgene was 
tested for and detected in lung, kidney and spleen. 
Expression was accompanied with reduction of the £2M 
mRNA levels of heterozygous (Rz + /-) animals 
compared to non-transgenic litter mates. The effect 
was most pronounced in lung with more than 90% 32M 
mRNA reduction in individual mice. In summary, 
expression of our ribozymes in a cell free system, in 
a cell-line and in transgenic mice were all accompanied 
with reductions of 32M mRNA levels. 

INTRODUCTION 

The use of catalytic RNAs. ribozymes. in the study of gene 
function has attracted great interest during the past years and 
rtbozvme inhibition of gene expression is a rapidly developing 
field (reviewed in 1 and 2). One ribozyme variant is the so called 
■hammerhead' ribozyme (reviewed in 3). The characteristic 
hammerhead structure is formed by partly well conserved RNA 
sequences. 

Tailor-made' ribozymes have been successfully used in several 
studies to target mRNA expression in cell free systems as well 
as in mammalian cell lines, e.g. HIY-1 mRNAs (4-9), tumour 
necrosis factor a 1 10) and c-fos mRNA expression ill). Recently 
[his approach has successfully been used also in transgenic 
Drosophila (12' To our knowledge, only one report has been 



published which describes transgenic mice expressing a functional 
ribozyme (13). thoueh there have been several reports describing 
transgenic mice expressing anti-sense RNA, which specifically 
disrupt gene expression (for example 14-18). 

Mouse 32M is a 12kD protein which associates with the major 
histocompatibility complex (MHC) class I proteins such as H-2K, 
D. L, TL, Qa-l and Qa-2. Furthermore, it has been demonstrated 
that /32Massociates with other molecules of the immune system 
i e the Fc receptor in neonatal gut cells ( 19) and the CD 1 protein. 
In addition it induces collagenase activity in fibroblasts (20 > and 
may serve as a chemotactic protein in the foetal thymus (21). 
Thus, j32M plays an important role for the immune system 
(reviewed in 22). 

MHC class I molecules have also been shown to have several 
non-immunologic functions, e.g. as differentiation antigens (23, 
24). in the functions of hormone receptors (25-29), or even for 
olfactory cues influencing mating behaviour (30, 31). 

Gene tarsetins via homologous recombination in embryonic 
stem cells causes a ubiquitousdisruption of the targeted gene in 
all tissues dunns the whole life span of the animal, including 
eartv ontownv. This approach has previously been successfully 
used for the 32M sene. From the studies performed by Roller 
and Smithies -89^(32), and of Zijlistra et al -89 (33), it is 
known that elimination of 32U mRNA and protein expression 
leads to no major deleterious effects, i.e. mice without 32U 
protein are viable. 

The work presented in this paper is a step towards ribozyme 
targeting of 2ene expression in transgenic mice. To achieve this 
we'have generated a basal" ribozyme, designed to give optimal 
flexibility. It allows transcription both in vitro rrom the 
bacteriophage T7 RNA polymerase promoter and in vivo using 
the enhancer promoter of the cytomegalovirus (CMV) immediate 
early gene (34). The enhancer/promoter region was inserted into 
a unique restriction site in the vector, which allows it to be easily 
exchanged for other enhancer/promoter regions. Also, the 
ribozyme specifics can readily be altered by exchange ot the 
inserted ribozvme fragment. There are several unique restriction 
sites left within the vector, which can be used for future cloning 
of a set of ribozvmes with different target sequences as earlier 
proposed bv Chen er al -92 (8). In addition, a second ribozyme 
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was included in our construct, which allows self cleavage 
immcdiaielx .V of the targeting ribozyme generating a specific 
?'-end of this ribozyme (35). 

L'sinc thiv basal ribozvme \ector we have generated artificial 
hammerhead ribozvmcs with different specific target sequences 
in exon II of the mouse j32M mRNA. They also differ in their 
lencth of complementarity. 

YVe have tested our ribozymes in a cell free system, in a cell- 
line and in transgenic mice. Expression of the ribozymes was 
accompanied with reduction of £2M mRNA levels. 

MATERIALS AND METHODS 

Cloning procedures 

The immediate early gene enhancer/promoter region from 
cvtomegalovirus (CMV) was inserted into the unique BamHI 
restriction site in the multiple cloning site of the pBluescnpt KS 
(MI3-) vector (pBSKS, Strataaene). The CMV enhancer/ 
promoter, from the plasmid pSCTGAL-X556, was kindly 
provided bv Dr S.Rusconi. 

A sequence was designed to provide a ribozyme with substrate 
specificity for 02M. as well as for an additional 3* end processing 
ribozvme (sequence see Fie. 1). which enables self-cleavage of 
the 5' end of the transcript (35, and below). Two partially 
complementary oligonucleotides were synthesised (Scandinavian 
Gene Synthesis AB - SGS, Koping. Sweden) and annealed. 
Blum ends were cenerated. using T4 DNA polymerase or Klenow 
DNA polymerase, and the resulting DNA fragment was cloned 
into the unique Smal site in the pBSKS-CMV plasmid described 
above, to generate our 'basal' ribozyme vector (Fig. 1). 

Rz-b Rz-c and Rz-d were designed to have different target 
sites in' the ,32M mRNA (Fig. 2, for complete 02M sequence 
see 36). Rz-b has a 15 nt complementarity to the 02M mRNA 
and the tarset sequence includes a central GUC motif with the 
C nt matching genomic sequence position 3129 located within 
the coding triplet for amino acid 52 of the &2M protein. Rz-c 
has a 13 nt complementarity (C at nt 3138; aa 55) and Rz-d an 
11 nt complementarity (C at nt 3156: aa 61). Complementary 
olicos containine recognition sequences were synthesised for each 
new ribozyme (SGS, Koping. Sweden), annealed and exchanged 
for the Mlul/Bglll fragment of the 'basal' ribozyme vector 
(Fig. 1). 

DNA sequencing 

The ribozyme clones were sequenced by use of the T3 sequencing 
primer 5 '-dATTAACCCTC ACTA AAG-3 ' (Pharmacia LKB 
Biotechnology). The DNA sequencing reaction was performed 
as describexfby Applied Biosy stems using the Taq DyeDeoxy 
termination cycle sequencing kit and analysed in an automatic 
373A DNA sequencer. 

Cell growth and transections 

Monolayer cultures of NIH/3T3 cells were maintained in 
Dulbeccos modified Eagles medium (DMEM) supplemented with 
105 fv/v) foetal calf serum. Subnconfluent cells were transfected 
witii 20 ^2 of the ribozyme constructions (linearized using Seal) 
together with 0.5 /xg of a plasmid containine the neomycin 
resistance oene.TheVansfeciion was achieved with calcium 
phosphate and a 2xHBS solution, pH 6.87 (37. 38). Selection 
for neomvein resistance was done with G4I8 (geneticin, Gibco) 
* the concentration of 400 ^g/ml DMEM. Two weeks post- 
transection no cell growth could be detected in the control plates 



(non-transfected plates). In contrast. 3T3 cell colonies were 
crowing in the plates with the transfected cells. Thirty to fift\ 
clones from each transaction were picked and expanded to It) 
cells for anahsis. For the Rz-b. Rz-c and R2-d transfections. 
roushly 507c of the clones \<ere show n by Southern blot analysis 
to carry 1 1 - 10 copies of the ribozyme DNA (using a Kpnl'Ncol 
fragment from the Rz construct as a prober Also, as controls, 
a ribozyme construct in the reverse orientation, relative to the 
CMV promoter, was cotransfecied together with a plasmid 
containine the neomycin resistance gene. Eighteen out of 28 
clones (64%) were found to be positive when tested in Southern 
blot analysis using the appropriate probes (data not shown). 

Generation of transgenic mice 

The Rz-c plasmid was linearized with Seal and microinjected 
into the male pronuclei of fertilised <CBAxB6)F, oocytes. The 
embryos were re-implanted into pseudo pregnant (CBAxB6)F, 
recipients (39). Three weeks after birth, tail biopsies were taken 
and genomic DNA was isolated by standard procedures. 

DNA and RNA blot analysis 

Integration of the transfected DNA constructs was analysed by 
Southern blot analysis on genomic DNA and mRNA levels were 
determined bv Northern blot analysis on cytoplasmic RNA 
(NIH/3T3 cells) or total RNA (organs from transgenic mice). 
* Genomic 3T3 or mouse tail DNA. isolated according to 
standard procedures, was cleaved with restriction enzyme BamHI 
and electrophoresed on a 0.7 S agarose gel containing 1 xTAE. 

For RNA preparation the NTH3T3 cells were lysed in IsoB 
0 65% # Nonidiet-P40 (NP40) followed by fractionation into 
cvtoplasm and nuclei. Cxtoplasmic RNA was isolated by phenol 
extraction (40). Total RNA from mouse organs was isolated by 
the G1TC procedure (41k The RNA content in the samples was 
determined bv spectrophotography . Aliquots of 5 ° f 
cytoplasmic RNA were electrophoresed in 1 * agarose gels 
containing lx.MOPS and 0.7S formaldehyde. 

DNA or RNA was transferred to a GeneScreen ,M filter 
(according to NEN DuPonfs protocol). Probe hybridisation 
carried out at 65 £ C overnieht. in a buffer containing 0.5M NaPj 
(pH 12) 1% SDS and 5mM EDTA. After hybridisation the 
filters were washed at 65 C C 3x5 min and 1 x 15-60 min m 
a buffer containing 40 mM NaP, (pH 7.2) and \% SDS. 

The probe to detect integrated ribozyme DNA was an 
Ncol/Kpnl DNA fraement panlv spanning the CMV promoter 
and the whole ribozvme region (Fig. D- For BamHI digested 
eenomic DNA this probe detects a 1200 base-pair (bp) fragment 
and an additional fragment the size of which is dependent on the 
site of integration. Mouse 32M mRNA was detected by an , EcoRI 
fragment from the mouse 32M cDNA clone D-98S (kindly 
provided from Dr P Hoglund). DNA probes were labelled with 
[cr 32 P] dCTP using the Mesaprime™ DNA labelling system 

(Amersham RPN 1607). 

As an internal standard for RNA loading, the filters were 
stripped in 507. formamide for 30 minutes at 65 C C and reprobed 
for glyceraldehvde-3-phosphate dehydrogenase (GAPDH). The 
GAPDH DNA" fraement was kindly provided by Dr Anna 
Berehard Gels were stained with ethidium bromide for detection 
of T8S and 28S rRNA to be used as an additional loading 

standard. , . . , f 

The 'housekeeping sene used. GAPDH. showed in its self 
some variation of expression levels in NTH/3T3 cells. From 30 
clones (randomly selected, with normal 3T3 growth behavour) 
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3 out of 12 Rz DNA* (25%) and 5 out of 18 control clones 
0i%) were omitted due to inconsistent results when the GAPDH 
sicnals were compared to the total RNA amount measured using 
the spectrophotometric and 18S methods. In our evaluations 
below of the transfected N1H/3T3 cells, only clones for which 
we found consistent results for the RNA levels when using the 
spectrophotometric. GAPDH and 18S methods are included. 
Some variation was observed also for the /32M mRNA levels 
when control transfected 3T3 clones were compared (e.g. see 
Fig. 6). 



was 



In vitro transcription and substrate cleavage 

Standard T7 RNA polymerase in vitro transcription 
performed following the purchaser's (Promega) protocol 
including [a 32 P] UTP. The ribozyme DNA constructs were 
linearized using the PstI restriction site in the vector. The 
transcription products were separated on a denaturing 8% Sanger 
polyacry lamide gel (19aa : 1 bis aa) containing 8M urea. 
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Figure 1. Map of the basal Rz construct showing the projected folding when 
transcribed. Sequence tor the oligonucleotide used to generate the basal ribozyme 
vector Rz" cloned into the Smai site of the modified Mt3* vector pBSKS 
.Siracagene) is presented. The CMV and T7 promoters are indicated, as well 
as restriction sites tor convenient substitutions of different parts of the ribozyme 
vector. Boxed areas represent the unletting sequences, that confer substrate 
specificity to the varicnt constructs. 



The substrate RNA (5'GAUAUGUCCUUCAG-3'; SGS, • 
Koping, Sweden) was 3' labelled with [ 3: P] pCp by ligation 
using T4 RNA ligase (42). The substrate and a ribozyme 
transcript were mixed in a buffer containing 20 rruVi MgCl : and 
50 mM Tris pH 8.0, heated to 95°C for 3 minutes and incubated 
at 37 °C for 30 minutes in a total volume of 15 n\. The reaction 
was stopped by adding 10 p\ of RNA dye and 5 pi of the mixture 
was separated' on a 20% Maxam po 1 y aery lam ide gel (29aa : 1 
bis aa) containing 8 M urea. 

RT-PCR 

The Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 
was performed as described in the protocol from the supplier 
(GeneAmp® RNA PCR kit. Perkin Elmer Cetus). In short, 3 
u\ (1 Mg) of DNase treated cytoplasmic RNA and 1 pi of a 15 
pM 'downstream' primer (5'-TCGTCCTCACGGACTCATC-3'; 
SGS Koping Sweden), which anneals to the loop in the ribozyme, 
was mixed with the RT components in the kit. The RT reaction 
was performed at 42 °C for 30 min. For the PCR reaction l M l 
of 15/aM 'upstream' T7 primer (5 ' -T AAT ACG ACTC ACT AT A- 
GGG-3') and lOjiCi (I id) [o^P] dCTP per reaction was added 
to the PCR components. The PCR reaction was performed with 
35 cycles, heat denaruration was at 95°C for 1 min, the annealing 
was at 52°C for 30 sec and the extension time was 45 sec at 
60°C. After phenol extraction and ethanol precipitation, the PCR 
products were separated on a 8% Sanger polyacxylamid gel ( 19aa: 
1 bis aa) containing 8M urea. 

RESULTS 

Intra-molecular 3' end processing of Rz-b, Rz-c and Rz-d 

As a first functional analysis we tested the ability for intra- 
molecular self-cleavage via the 3'-ribozyme sequence (Fig. L). 
The vector was linearized using the PstI site and an in vitro T7 
RNA polymerase transcription was performed. Figure 3A 
illustrates a representative transcription of the three ribozymes 
Rz-b. Rz-c and Rz-d. The result shows that the expected full- 
length transcripts were produced. In addition, the 3 '-end 
processing ribozyme was, already during the transcription, able 
to perform the expected self-cleavage reaction (the transcription 
buffer contains Mg 2 ~). generating the expected 02M-specific 
ribozyme and the 3 '-end ribozyme. 
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Figure 2. Features of, he <P.M DNA and mRNA. Open bo«s repress untranslated region,. «he >hadcd box represent |£££a£ 
filled bo«s code for amino aad S present in die processed protein (361. Two predominant mRNA spec** have been described. supp.-M.-dlv d..fenng ac their 
regions <46) Target sequences for the Rz-b. Rz-v and Rz-J ribozyme;, and their respective cleavage sites are shown. 
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Figure 4. RT-PCR analysis of 5T3 and stable transfeciam- Lane 1 : size marker: 
lane 2: RT-PCR component only; lane 3: N1H3T3 (uniransfecied cell lineK 
lanes 4-7: clones 1 186*. 1 \95 ". 1229 and 1205' {transfecied with and earn ing 
Rz-b + neo). lanes 8- 1 1 : clones * 1346*. * 1316'. ' 1314* and '1318' (transfecied 
with and carrying Rz-c + neoi. Lane 12; clone ' 1356' (transfecied with and earning 
Rz-d + neo): lane 13: done 1542 (transfected with Rz-c — neo. but only cam in c 
neo). RT-PCR using the two specific primers (see Materials and Methods) gives 
expected fragment* of 69 nt (Rz-b) and 67 nt (R-z-c and Rz-d). 
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Figure 5. Northern Wot analysis of clone 1205 transfected with Rz-b The 62M 
expression is correlated to an internal standard, i.e. compared to a 'housekeeping ' 
gene (GAPDH, detected by re-probing), as a control for RNA loading (see text). 
The GAPDH and £2M signal intensities were measured by scanning with a 
Shimadzu Chromato -Scanner model Cs-930 (see text) and are indicated above 
each lane. Lanes 1 - 5: 1 ,3.5.7 and 9 fig RNA respectively from non-transfected 
NIH/3T3 cells. Lane 6: 5 RNA from done 1205. 



Figure X A. In \iiro transcription of Rz-b, R2-c and Rz-d using T7-RNA 
polymerase The resulting transcripts were separated on an 8% polyacrylarnide 
gel containing 8M urea. The full-length transcripts as well as the #2M specific 
(5') and 3' -end ribozyme fragments produced by self cleavage are indicated. B. 
In Mtro cleavage, by Rz-c, of a short (14 nt 3' [ 32 P] pCp label) RNA 
oligonucleotide identical to the 14 m specific target sequence detected by Rz-c 

in £2M mRNA (set Fig. 2). Lane 1: substrate; lane 2: substrate + Rz-c. The 

conditions of the reactions are described in Materials and Methods. Ratio of Rz- 

c to substrate was approximately 1 : 1 and the reaction time 30 minutes. The expected 
fragments produced by cleavage were one 8-mer and one 7-mer. Since the substrate 
**as 3' end labelled, only the 7-mer is visualized. The nt ladder seen is an artefact 
from the substrate oligo synthesis We have chosen to show this ladder as a size 
indicator Identical results were obtained with gel -purified substrate (not shown). 
S: substrate. P: product. 

Jiter-molecular cleavage by Rz-c of its specific substrate 

Next, we tested the ability of Rz-c to cleave its specific substrate 
in vitro. Mere incubation of the 15mer (14mer 4- [ ?2 P] pCp) 



substrate RNA gave no degradation but when the 15mer was 
mixed with Rz-c a specific cleavage of the substrate took place, 
generating the expected seven nt long band (6 nt + [ 32 P] pCp): 
Figure 3B. The reciprocal result was obtained when the RNA 
was labelled at the 5 ' end (data not shown). 

Ribozyme expression in transfected NIH/3T3 clones 
Out of nine Rz DNA* clones (four Rz-b clones: l l 186". "1 193". 
*1229\ M205 , ; four Rz-c clones: M346\ *1316\ M314'. *1318" 
and one Rz-d clone: -1356'). eight expressed the ribozyme 
(Figure 4, lanes 4- 12). The only non-expressing DNA" clone 
(clone 4 1318\ lane 1 1) did not contain the full length insert as 
judged by Southern blot analysis (data not show n). Clone M342* 
(lane 13) was transfected with, but Southern negative for. the 
Rz-c DNA and subsequently negative for ribozyme expression. 
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Figure 6. Expression of nbozymc coincides with reduction of |32M mRNA. Each 
label represents a single clone. The relative S2S\ mRNA levels were calculated 
as described in text and Figure 5. All clones were tested in two or three independent 
Northern blots. Control clones: clones transfected with a construct carrying a 
reversed orientation Rz ( C ; n - 13) or trans fected with a neomycin resistance 
gene (0: n - 2). Rz-DNA" ■' Rz-RNA* (•: n ■= 7) : clones expressing Rz 
(as indicated and Fig. 41. Rz-DNA* ' Rz-RNA" (•; n « 1) : clone '1318' 
which carries a truncated Rz-DNA, but does not express it (Fig. 4). 

02M mRNA levels in transfected MH/3T3 cell clones 
Figure 5 shows an example of 32M mRNA substrate levels in 
transfected and no n -transfected 3T3 cells. The Northern blot 
shown is one out of three independent blots of clone * 1205 ' with 
similar results. Clone '1205' carries apprpximately five DNA 
copies of Rz-b (data not shown) and expresses the ribozyme (Fig. 
4, lane 7). Based on a spectrophotometric measurement, 5 fig 
of cytoplasmic RNA from clone 1205. and 1 , 3, 5, 7 and 9 Mg 
RNA from non-trans fected (control) 3T3 cells, was separated on 
a 1% agarose gel. transferred to a nylon filter and probed for 
£2M and GAPDH mRNA (Fig. 5). Scanning of the resulting 
autoradiograms with a Shimadzu Chromato-Scanner model 
Cs-930. indicated that the obtained GAPDH signal (from the 
assumed loaded 5 ^g: spectrophotometric measurement) 
correlated to a GAPDH signal from 5.9 ^g of control RNA. (If 
the obtained GAPDH values are plotted as *y'-values and the 
assumed amount of loaded RNA as x values (lanes 1-5). a 
regression analysis gives an estimated line of y = 41 .5x- 23.6. 
Thus, for lane 6 when y = 218, this corresponds to x = 5.9 jig.) 
When the signal from the 930 nt J2M mRNA was compared 
in the same way (5 ^.g of clone ' 1205* vs. 1,3,5,7 and 9 /tg 
of control RNA) clone ' 1205' had a signal intensity as if 1 .5 /ig 
of cytoplasmic RNA were loaded . (Plotting of values obtained 
with the 930 nt band of 32M gives: y = 99.4x- 19.2, see above, 
y = 53 corresponds to x = 1.5.) The same type of comparison 
for the 715 nt band gave an apparent load of 1 .2 jig. (Plotting 
of values obtained with the 715 nt band of 02M gives; y = 
60.7x-35.9, see above, y = 96 corresponds to x = 1.2.) From 

this we conclude that the two species of the 02M mRNA showed 
a parallel decrease of approximately 75-80%. (1.5 = 25% of 

5.9; 1.2 = 20% of 5.9. thus 75-80% reduction.) A similar 
parallel decrease of the 715 and 930 nt species was found for 
all other ribozyme expressing clones tested (not shown). 

Ribozyme expression coincides with reduced 32M mRNA 
levels in transfected NIH/3T3 cell clones 

Eight Rz DNA" /RNA ~ clones, one Rz DNA "/RNA" and 
fifteen Rz DNA" clones (thirteen containing a ribozyme in the 



reverse orientation and two only containing the neomycin gene), 
were studied in detail as described above (Fig. 6). 

As expected, the median 02M mRNA value of the control 
clones, when compared to the 3T3 cell line, was close to L0 
(arbitrary units). One out of fifteen control clones showed a 
marked relative reduction of 02M mRNA. The reason for the 
low 02M mRNA level in this single clone was not analysed 
further. Clone 1318 (DNA"/RNA~) showed a 32M mRNA 
level identical to the median of the control clones and thus no 
reduction. 

In contrast, all clones expressing ribozyme showed reduced 
£2M mRNA levels compared to the median value of the control 
clones. The range of the (32M mRNA reduction was between 
30- 80% with a median of 60%. 

Rz-c transgenic mice 

One ribozyme construct (Rz-c) was selected for a transgenic 
study. The ribozyme plasmid was linearised and microinjected 
into fertilised mouse oocytes. Southern blot analysis identified 
seven transgenic founder animals. To date three ribozyme 
expressing families have been established. Offspring from three 
of these families were analysed on the RNA level in more detail . 

Total RNA was isolated from spleen, kidney, and lung. 
Ribozyme expression was investigated by the RT-PCR assay 
described above. Figure 7 shows results of the lung from tg + /- 
individuals from each transgenic family, plus control animals 
(non-transgenic litter mates). Rz-c was expressed in the lung from 
the transgene positive animals (lanes 3-5) whereas, as expected, 
it was not detected in the transgene negative litter mates (Figure 
7A, lanes 1 -2). Similarly, expression of Rz-c was detected both 
in spleen and kidney (data not shown). 

02M mRNA levels in Rz-c transgenic mice 

Figure 7B shows a northern blot analysis of the same total RNA 
isolated from lung, hybridised to 02M and GAPDH probes. The 
results show a reduction of /32M mRNA (for calculations see 
transfections of NIH/3T3 cells). The expression of the 715 nt 
02M mRNA species was reduced by 70% in the family TgN(Rz- 
c)4lLar. bv 22% in TgN(Rz-c)42Lar and 81% in TgN(Rz- 
c)43Lar. The expression of the 930 nt £2M mRNA species was 
reduced even more (84%, 58% and 94% respectively). 

A more pronounced reduction of the 930 band compared to 
the 715 band, was consistent also for spleen and kidney (Table 
1). This is in contrast to the observation in NM/3T3 cells where 
both bands were equally down-regulated (Figure 5). Furthermore, 
a large variation between individuals within each transgenic 
family was observed (Table 1). 



DISCUSSION 

Lacking efficient rules for the designing of reliably potent 
ribozymes (2), we first decided to use a hammerhead ribozyme 

using the GUC triplet, conserved in naturally occurring 

hammerhead ribozymes and proven in in vitro studies (43). as 
the site for substrate cleavage. Furthermore, aided by results in 
the literature we selected substrate binding sequences with a G/C 
content of 30-40% and a length of 11-15 nucleotides. 

Interestingly, expression of Rz-c as a heterozygous transgene 
in mice was W accompanied with, in some cases, more than 90% 
reduction of 02 M mRNA levels. The variation within a transgenic 
familv was however considerable. The reasons for this variation 
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Table 1. Relative £2M n ( rLVA levels in heterozygous R7-c transgenic offspring 
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shown in Figure 7. 
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Figure 7. A. RT-PCR analysis of ribozyme expression in Rz< iransgcne positive 
and transgene negative mice. Lanes 1-2. transgene negative control mice (liner 
mates); lanes 3-5: transgene positive mice. The RT-PCR analysis shows the 
expected fragment of 67 nt representing Rz-c. B. Northern blot analysis of 02M 
mRNA levels in Rz-c transgene positive and transgene negative mice. The 02M 
expression (upper pan) correlated to an internal standard, i.e. compared to a 
'housekeeping* gene (GAPDH, detected by re-probing, lower part) as a control 
for RNA loading (see text). The GAPDH and 02M signal intensities were measured 
by scanning with a Shimadzu Chromato- Scanner model Cs-930 (see text) and 
arc indicated in the table next to the Northern Wot. Lanes 1 -2: transgene negative 
control mice (litter mates); lanes 3-5: transgene positive mice. C 02M/GAPDH 
signal ratio in transgene positive mice (same as in A and B) and non-iransgenic 
linermates 



could be several, but one possibility could be that the CMV 
promoter/enhancer region used to regulate the Rz-c expression 
^ affected by trans-activating effects from known or unknown 
pathogens in our animal colony. We are currently 
investigating this intriguing possibility. 

Transfections of the ribozyme plasmids into NIH/3T3 cells 
Suited in reductions of up to 80% of /S2M mRNA levels. So 
the analysis does not allow us to determine the relative 
deavage efficiency of the three ribozymes, nor to conclusively 
•tribute the concomitant reduction of 02M mRNA to a catalytic 
^ect from the ribozyme. 



Notably, we used an RT*PCR to detect expression of the 
ribozymes. Extensive attempts using Northern blot analysis. 
RNase protection and SI nuclease assays failed to confidently 
verify ribozyme expression because of numerous background 
bands on the autoradiograms (data not shown). We believe this 
could be due to a high degree of secondary structure (hairpin) 
in the probes used or. alternatively, to cross reactions with 
sequences homologous to the hammerhead ribozyme such as U4 
and U6 snRNAs (44). We could detect the ribozyme both in the 
nuclei and in the cytoplasm at an approximate ratio of 1:10 
(ribozyme transfected NIH/3T3 cells, data not shown). 

Cleavage of a short substrate by Rz-c is in agreement with 
several other studies (e.g. 1 -4. 8, 35). Up to date, few if any 
report have been presented where a full-length RNA substrate, 
e.g. mRNA. is cleaved in a cell-free system. We have tried to 
cleave 02M mRNA both from an in vitro transcribed cDNA clone 
and from isolated cytoplasmic RNA (prepared from NIH/3T3 
cells). Both these latter approaches proved unsuccessful, which 
we believe is due to the high degree of secondary structure in 
the substrate RNA under the conditions used (data not shown. 
45). 

A previous report has shown thai specific probing of /32M 
mRNA detects at least two major RNA species, 715 nt and 930 
nt (46). In the present study we show that both mRNAs have 
a similar reduction in ribozyme expressing NIH/3T3 cells. In 
contrast, we detected an unproportional reduction of the two 02M 
mRNA species in the transgenic animals. At present we can not 
explain the discrepancy in these observations. Differences of 
RNA compartmentalisation (47) between in vitro cultured 
NTH/373 cells and the various cell types in the organs tested may 
account for the results. 

Analysis of 02M 'knock-out 1 mice showed that these healthy 
mice have a normal distribution of 76, CD4 + 8 + and CD4 + 8~ 
T cells, but no mature CD4"8* T cells (32.33). Similarly, we 
have so far not observed any signs of deleterious effects in the 
heterozygous Rz-c transgenic mice. Also, since mice 

heterozygous for the 32M gene disruption have normal (32M 

protein levels (33) we do not necessarily expect the tg + /- 
ribozyme mice presented here to be deficient in (32M protein. 
Breeding to obtain homozygous Rz-c transgenic mice for the 
analysis of 02M protein levels and presence of mature CD4~8" 
T cells are in progress. 

The ribozyme approach offers a potential complement to 
homologous "recombination. Since ribozymes do not affect their 
target genes at the DNA level, it seems conceivable that the down 
regulation could be lifted by control of ribozyme expression. The 
use of carefully chosen transcriptional cassettes e.g. regulatory 
elements from developmental ly regulated genes, or genes 
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induceable by external stimuli should enable both temporal and 
spatial control of mRNA targeting in transgenic animals. Thus, 
the ribozyme method seems to have a potential for applications, 
directly or indirectly, in functional analysis in cancer research, 
and also in developmental biology, neurobiology \ and molecular 
biology. 
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ABSTRACT Catalytic RNA molecules, or ribozymes, have 
generated significant interest as potential therapeutic agents 
for controlling gene expression. Although ribozymes have 
been shown to work in vitro and in cellular assays, there are 
no reports that demonstrate the efficacy of synthetic, stabi- 
lized ribozymes delivered in vivo. We are currently utilizing the 
rabbit model of interleukin 1- induced arthritis to assess the 
localization, stability, and efficacy of exogenous a nti strome- 
lysin hammerhead ribozymes. The matrix metalloproteinase 
stromelysin is believed to be a key mediator in arthritic 
diseases. It seems likely therefore that inhibiting stromelysin 
would be a valid therapeutic approach for arthritis. We found 
that following intraarticular administration ribozymes were 
taken up by cells in the synovial lining, were stable in the 
synovium, and reduced synovial interleukin la-induced 
stromelysin mRNA. This effect was demonstrated with ri- 
bozymes containing various chemical modifications that im- 
part nuclease resistance and that recognize several distinct 
sites on the message. Catalytically inactive ribozymes were 
ineffective, thus suggesting a cleavage-mediated mechanism of 
action. These results suggest that ribozymes may be useful in 
the treatment of arthritic diseases characterized by dysregu- 
lation of metalloproteinase expression. 



The discovery that certain RNA species possess autocatalytic 
activity (1-3) has generated significant interest in the potential 
therapeutic use of catalytic RNA molecules, or ribozymes, in 
controlling gene expression (4). Naturally occurring ribozymes 
come in a variety of structural motifs (5). Although most 
ribozymes evolved to cleave their target sequences in cis, 
ribozymes have also been shown to function in trans (6, 7). 
Thus, ribozymes have exceptionally broad potential as thera- 
peutic agents for the selective control of gene expression. Of 
the naturally occurring ribozymes, the hammerhead (8) is the 
smallest of the known ribozyme motifs and therefore the most 
amenable to chemical synthesis. It is also well characterized 
with respect to kinetic parameters and optimal target se- 
quence, and potential cleavage sites are abundant on most 
messages. 

To develop therapeutic ribozymes, significant research has 
been devoted to improving catalytic activity, developing nu- 
clease resistance, and optimizing the intracellular delivery of 
both synthetic and expressed ribozymes (8-11). Synthetic 
ribozymes have shown efficacy in cell culture in reducing the 
expression of tumor necrosis factor-a (12), bcr-abl (13), and 
MDR-1 (14). These studies utilized either chemically synthe- 
sized chimeric ribozymes with DNA binding arms to increase 
nuclease resistance or in vitro transcribed ribozymes that are 
protected in part from degradation by being compiexed with 
cationic lipids. We have used ribozymes that contain novel 
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modifications that allow significant catalytic activity while 
substantially enhancing their nuclease resistance (15). 

There are only a few examples of ribozyme activity in vivo, 
and these involve expression of the ribozyme as a transgene 
either in Drosophila (16) or in mice (17, 18). Demonstration of 
in vivo efficacy represents an important advance in the devel- 
opment of synthetic ribozymes as therapeutic agents. 

The matrix metalloproteinases (MMPs) are a group of 
enzymes that degrade extracellular matrix components such as 
the collage ns, gelatins, proteoglycans, and fibronectin (19). 
Although MMPs play an important role in embryogenesis and 
normal tissue remodeling (20), abnormal expression may 
contribute to such disease processes as atherosclerosis (21), 
cancer (22), and arthritis (23). Stromelysin (MMP3) may be a 
key mediator in arthritic diseases. It degrades proteoglycans 
and a broad spectrum of other matrix components (19), and it 
can readily degrade cartilage in vitro (24). Stromelysin also has 
the capacity to activate the proenzyme forms of collagenase 
(25), and the 72- (26) and 92-kDa (27) gelatinases, thus 
initiating a proteinase cascade. Unlike normal synovial fibro- 
blasts, those derived from osteoarthritic or rheumatoid syno- 
vium produce high levels of stromelysin and collagenase upon 
stimulation (28). Most relevant, however, is the marked up- 
regulation of stromelysin and other MMPs seen in articular 
tissues from patients with osteo- or rheumatoid arthritis (29, 
30). It seems likely therefore that inhibiting stromelysin would 
be a valid therapeutic approach for arthritis. 

In the rabbit, injection of human recombinant interleukin la 
(IL-la) into the knee joint leads to leukocyte accumulation in 
the joint space, loss of proteoglycan from the articular carti- 
lage, and release of proteoglycan fragments into the synovial 
fluid (31). An increase in the levels of the MMPs stromelysin 
and collagenase in the rabbit articular tissues also occurs after 
stimulation with IL-1 (32, 33). These attributes make it an 
appropriate model for assessing the role of proteases involved 
in the pathophysiology of joint disease. We are using this 
model to assess the localization, stability, and efficacy of 
exogenous antistromelysin hammerhead ribozymes. These ri- 
bozymes are modified to enhance their resistance to nucleo- 
lytic degradation (34). We found that ribozymes are taken up 
by cells in the synovial lining after intraarticular administra- 
tion. The ribozymes demonstrate good stability in the syno- 
vium and can significantly reduce the synovial levels of IL-1- 
induced stromelysin mRNA. Catalytically inactive ribozymes 
had little effect on stromelysin mRNA levels. This report 
demonstrates efficacy of an exogenous synthetic ribozyme in 
vivo. 

MATERIALS AND METHODS 

Ribozyme Synthesis and Sequences. Ribozymes were syn- 
thesized and purified as described by Wincott et al. (35). The 

Abbreviations: MMP, matrix metalloproteinase; IL, interleukin. 
+ To whom reprint requests should be addressed. 
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hammerhead ribozyme motif used in this study contains 
binding arms (7-8 nt), which can anneal to the stromclysin 
message, and an invariant core sequence (22 nt) required for 
catalytic activity. Ribozymes designated as inactive contain the 
same binding arm sequences as their active counterparts but 
have two mutations in the core that eliminate cleavage activity. 
Scrambled ribozymes have the catalytically active core, but the 
arm sequence is scrambled to eliminate binding to the target 
sequence. 

The sequences of the ribozymes used are given below. 
Ribozymes are named for their position of cleavage in the 
human stromelysin sequence. In cases in which the rabbit site 
was not homologous with human, the rabbit-specific ribozyme 
is indicated with an R. Lowercase indicates 2'-0-methyl nucle- 
otides, uppercase indicates 2'-hydroxyl (ribo) nucleotides, T 
indicates 3'-3' inverted thymidine (iT), and u indicates 2'- 
amino at positions U4 and U7. 



Tabic 1. Distribution of radioactivity after intraarticular 
administration of radiolabeled ribozyme 



Site 1049, active: 
Site 1049, inactive: 
Site 1049, scrambled: 
Site 1363, active: 
Site 1366R, active: 
Site 1410, active: 
Site 883, active: 
Site 1489R, active: 



5 ' - gaaggaacuGAuGaggccgaaaggccGaaAgauggcT 
5'-gaaggaacuuAuGaggccgaaaggccGauAgauggcT 
5 ' -ugaagagcuGAijGaggccgaaaggccGaaAcggaagT 
5 ' - cuucaaacuGAuGaggccgaaaggccGaaAcagcauT 
5 ' -augcuuccuGAuGaggccgaaaggccGaaAaaacagT 

S'-aaacacccuGAuGaggccgaaaggccGaaAcugugaT 
5 ' -cuggaggccuGAiiGaggccgaaaggccGaaAcagguucT 
5 ' - ugccuucciiGAuOaggccgaaaggccGaaAuacaccT 



Unless otherwise indicated, backbone linkages are phos- 
phodiester. These ribozymes are designated U4, U7 NH2, and 
3'-iT. In some cases, the ribozymes contained four phospho- 
rothioate linkages at the 5' end (designated U4, U7 NH2, 4 5' 
P=S, and 3'-iT). An alternative chemistry of ribozyme 1049 
was also used in which position U4 was 2'-C-allyl, position U7 
was 2'-0-methyl, and five phosphorothioate linkages were 
included on both the 5' and 3' ends (U4 C-allyl, 5&5 P=S). The 
catalytic cleavage activity of all of the ribozymes was verified 
on a complementary short substrate by standard methods; 
inactive ribozymes did not exhibit any detectable cleavage 
activity under these conditions (data not shown). 

In Vivo Localization and Stability of Ribozymes Delivered 
Intraarticulariy. Male New Zealand White rabbits (3-4 kg) 
were anesthetized with ketamine-HCl/xylazine and injected 
intraarticulariy with ~15 X 10 6 cpm (corresponding to 30 ng) 
of 32 P internally labeled ribozyme combined with 10 /xg of 
unlabeled ribozyme in a total vol of 0.5 ml of phosphate- 
buffered saline (PBS). At various times thereafter, animals 
were euthanized, the knee joints were lavaged, and synovial 
tissue was removed, weighed, and either snap frozen for 
sectioning and autoradiography or placed in Trizol reagent 
(GIBCO/BRL) for RNA extraction. After initial homogeni- 
zation of the synovial tissues for RNA extraction, an aliquot 
was removed to estimate cpm per mg of synovial tissue 
(assuming that 20% of the synovium was harvested). After 
extraction of total RNA from the synovial tissue, equal 
amounts of RNA were run on a denaturing 5% acrylamide gel 
and the gel was exposed to x-ray film for densitometric 
quantitation. 

In Situ Hybridization. In situ hybridization studies were 
carried out using full-length antisense RNA probes generated 
by in vitro transcription of linearized pRC/CMV plasmid 
(Invitrogen) containing an «• 1500-bp rabbit stromelysin cDNA 
(gift of C. Brinckerhoff, Dartmouth Medical School). Samples 
of synovial tissue were removed, snap frozen in liquid nitrogen, 
and stored at -80°C. Frozen sections (4-6 fxm) were placed 
on po!y(L-lysine)-treated slides and stored at -20°C. Modifi- 
cations of previously described methods were used (36). 

Efficacy Studies. Rabbits were anesthetized with keta- 
mine-HCl/xylazine and injected intraarticulariy through the 
suprapatellar ligament of both knees with various amounts of 
ribozyme in 0.5 ml of PBS or in PBS alone. Twenty-four hours 
after ribozyme administration, each rabbit received 25 ng of 
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4 hr 


4.0 


0.03 
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24 hr 
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0.32 


0.01 
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24 hr 


5.6 


0.32 
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0.33 


ND 
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1.2 
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32 P internally labeled ribozyme (15 x 10 6 cpm; corresponding to 30 
ng) was mixed with 10 jig of unlabeled ribozyme before intraarticular 
injection. Numbers reflect percentage recovery of total administered 
radioactivity and represent mean values from three separate animals. 
ND, not determined. 

•Assessed by determining radioactivity of an aliquot after the initial 
homogenization with Trizol. 

recombinant human IL-lcr (Genzyme) in one knee and vehicle 
(PBS/0.2% fetal bovine serum) in the other. The synovium 
was harvested 6 hr after IL-1 infusion, snap frozen in liquid 
nitrogen, and stored at -80°C. 

RNA Analysis. Total RNA was extracted from synovial 
tissue with Trizol reagent and analyzed by Northern blotting as 
described (36). After probing with a full-length antisense RNA 
probe to stromelysin (see above), the blots were stripped and 
reprobed with a 100-nt complementary RNA probe to 18S 
rRNA (Ambion, Austin, TX) to normalize for loading and 
extraction efficiency. After autoradiography, levels of strome- 
lysin and 18S rRNA were quantified on a scanning densitom- 
eter and the data were normalized to the 18S values. In some 
experiments, RNA was analyzed by both Northern blot analysis 
and RNase protection (P.A.P., unpublished data). The results 
were essentially the same when assessed by either method. 

RESULTS 

Delivery of Ribozymes to Rabbit Synovial Tissues. For these 
studies, ribozyme labeled with 32 P at one internal position was 
administered directly into the intraarticular space. The fate of 
the labeled ribozyme was assessed 4 and 24 hr postribozyme 
administration in the first experiment, and 1, 3, and 7 days after 
administration in the second. The percentage of labeled 
ribozyme remaining in the synovial tissue remained relatively 
constant between 4 and 24 hr (Table 1, Exp. 1). In the total 
RNA fraction, however, there was a 10-fold increase in asso- 
ciated radioactivity during the same time period.^ Between 1 
and 7 days, there was a 2-fold drop in the total RNA radio- 
activity and a 4-fold drop in synovial radioactivity (Table 1, 
Exp. 2). Autoradiographic analysis of the synovial tissue at 24 
hr demonstrated that the bulk of the radioactivity was asso- 
ciated with the synovial lining and was intracellular (Fig. \A). 

The integrity of the labeled ribozyme extracted with the 
total synovial RNA at the various times is also shown in Fig. 
3. At 4 hr no degradation products could be detected, and by 
24 hr the ribozyme remained 80-90% intact (Fig. IB). There 
were no consistent differences in either the amount or the 
integrity of labeled ribozyme extracted from IL-1 -treated and 
nontreated knees. The substantial increase in labeled ribo- 
zyme present at 24 vs. 4 hr noted above was readily apparent. 
Fig. 1C shows ribozyme integrity at 1, 3, and 7 days. Even after 

$These results may be explained by recent studies which indicate that 
fluorescent ribozyme present in synovial cells 4 hr after administra- 
tion is mostly endosomal, while at 24 hr there is a more diffuse 
cytoplasmic fluorescence (data not shown). Therefore, although the 
total amount present in the tissues may have been similar at 4 and 24 
hr (as assessed by total tissue homogenates), at 4 hr the endosomal 
ribozymes may have been lost in the RNA extraction if the endosomes 
were not disrupted during the homogenization procedure. 
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Fig. 1. {A) Localization of labeled ribozyme in synoviocytes 24 hr 
after intraarticular injection. 32 P internally labeled ribozyme (15 x 10 6 
cpm; corresponding to 30 ng) was mixed with 10 fig of unlabeled 
ribozyme before injection. (x340.) (B) Stability of labeled ribozyme in 
synovial tissue 4 and 24 hr after intraarticular administration. Total 
RNA from synovium (10 jig per lane) was run on a 5% acrylamide/ 
urea gel to assess integrity of the labeled ribozyme. (C) Stability of 
labeled ribozyme in synovial tissue 1, 3 t and 7 days after intraarticular 
administration. The — 20-nt fragment noted in Fig. 2 is the predicted 
result of endonucleolytic cleavage at two of the unmodified ribonucle- 
otides in the core. *, Sample of ribozyme prior to injection. 

7 days, a small amount of full-length ribozyme was still present 
in synovial tissue. 

Stromelysin Expression in Synovial Tissues of IL-1 -Treated 
Rabbit Knees. The kinetics of stromelysin expression after 
intraarticular injection of 25 ng of IL-1 a was assessed by 
Northern blot (Fig. 2). IL-1 induced a marked but transient 
increase in the levels of stromelysin mRNA that peaked 6 hr 
post-IL-1 infusion and returned to near baseline by 24 hr. 
Saline alone induced a minor but variable increase in strome- 
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Fig. 2. Kinetics of stromelysin expression after intraarticular in- 
jection of 25 ngof IL-la. Total RNA was extracted from synovial tissue 
and analyzed by Northern blotting. After probing with a full-length 
antisense RNA probe to stromelysin, the blots were stripped and 
reprobed with a 100-nt complementary RNA probe to 18S rRNA to 
control for equal loading. After autoradiography, stromelysin and 18S 
rRNA message levels were quantified on a scanning densitometer, and 
the data were normalized to the 18S values. 
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Fig. 3. In situ hybridization analysis of stromelysin expression in 
synovial tissue after intraarticular injection of 25 ng of recombinant 
IL-la. (A) IL-l-stimulated tissues hybridized with antisense comple- 
mentary RNA probe. (B) IL-l-stimulated tissues with sense probe. (C) 
Control tissues from saline-injected knees hybridized with antisense 
probe. (X100.) 

lysin expression, which followed the same kinetics (data not 
shown). 

Stromelysin mRNA present in IL-l-induced synovial tissue 
was also visualized by in situ hybridization. Fig. 3A illustrates 
the high level of stromelysin expression observed in the 
synovial lining from IL-l-treated joints and its absence in the 
underlying tissue. An adjacent section of IL-l-treated tissue 
incubated with the sense RNA probe was completely negative 
(Fig. W). Fig. 3C shows the much reduced expression observed 
in control, saline-injected knees. Little or no expression was 
observed in untreated knees (data not shown). 

Reduction in Stromelysin mRNA Levels by Intraarticular 
Delivery of Synthetic Ribozymes. Delivery studies (Fig. 1) 
demonstrated that peak intact ribozyme levels were observed 
in the synovium 24 hr after injection. Therefore, we chose to 
administer ribozyme 24 hr before IL-1 stimulation for the 
efficacy studies. The synovial tissue was harvested for RNA 
analysis 6 hr post-IL-1 infusion, the peak of induced strome- 
lysin mRNA levels (Fig. 2). 

A representative dose -response curve for ribozyme 1049 
(U4, U7 NH2, and 3'-iT) demonstrated a significant reduction 
in stromelysin message at both the 100 and 300 fig per knee 
dose of active ribozyme (Fig. 4). At a 1.0-mg dose, the efficacy 
of the active ribozyme was unchanged or slightly reduced from 
that seen with the 100-p.g dose (data not shown). This ri- 
bozyme had been tested on numerous occasions and resulted 
in an average 60% reduction (ranging from 20% to 80%) in 
stromelysin message levels compared to the level observed in 
control, vehicle-treated animals. The inactive ribozyme con- 
trol retains binding arms identical to the active version but 
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Fig. 4. Dose-response curve of reduction in synovial stromelysin 
mRNA levels by intraarticular injection of ribozyme 1049, U4, U7 
NH2, and 3'-iT. Percentage reduction in IL-l-induced stromelysin 
message was calculated by using the message level in synovium from 
saline-injected, non-IL-l-treated joints as the baseline. Data represent 
two experiments with a total of four animals per dose. Dashed lines 
represent standard error of IL-l-treated controls. *, Statistically 
significant difference from IL-l-treated controls (P < 0.05). 
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Fig. 5. Reduction in synovial stromelysin mRNA levels by intraar- 
ticular injection of ribozyme 1049, U4 C-allyl, and 5&5 P=S. Active, 
inactive, and scrambled ribozymes were tested in parallel. Results from 
a single animal for each ribozyme are given. 

contains a mutated catalytic domain, thus allowing binding to 
the target sequence but preventing cleavage. There was no 
significant inhibition of stromelysin mRNA levels by the 
inactive ribozyme control at any dose. 

A number of different chemically modified nucleotides have 
been developed that confer significant resistance to nucleolytic 
degradation when incorporated into ribozymes (33). Fig. 5 
shows the activity of an alternative stabilized chemical motif 
targeting the same site, ribozyme 1049. Comparison of Figs. 4 
and 5 shows that the two modified ribozymes demonstrate 
similar efficacy. Fig. 5 also includes a scrambled ribozyme 
control in which the binding arm sequence of the active 
ribozyme has been rearranged so that it can no longer bind to 
its target site on stromelysin mRNA. Like the inactive control, 
it fails to inhibit stromelysin expression in the synovium. Taken 
together, these two controls indicate that the ribozyme must 
bind to and cleave its target site in order to affect the mRNA 
levels. 

The effects of ribozymes that target several different sites in 
stromelysin message are compiled in Fig. 6. It is clear from 
these data that not all of the sites tested are equally amenable 
to ribozyme-mediated cleavage, probably because sites are not 
equally accessible to ribozyme binding. Ribozymes to sites 
1489R and 883 were consistently ineffective, 1410 has shown 
variable efficacy, and ribozymes to sites 1049, 1366R, and 1363 
have shown consistent and relatively equal efficacy. Inactive 
versions of several of these ribozymes have been tested and 
have consistently failed to inhibit stromelysin expression (data 
not shown). A comparison of ribozymes with different 5' end 
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Fig. 6. Reduction in synovial stromelysin mRNA levels by intraar- 
ticular injection of ribozymes. Combined data from multiple experi- 
ments comparing activity of ribozymes of two different stabilization 
chemistries and ribozymes directed against different sites on the 
message. Dotted lines represent standard error of IL-l-treated con- 
trols. *, Statistically significant difference from IL-l-treated controls 
(P < 0.05). 



modifications (with and without phosphorothioate linkages) is 
also contained within these data. In general, ribozymes con- 
taining phosphorothioate linkages at the 5' end show similar 
efficacy compared to non-phosphorothioate-containing ri- 
bozymes. 

DISCUSSION 

We have shown that nuclease-resistant ribozymes injected 
intraarticular^ in rabbits were taken up in the synovial lining 
and remained ~90% intact at 1 day and 70% intact at 3 days 
postadministration. Administration of ribozymes directed 
against stromelysin mRNA resulted in a significant reduction 
in the levels of IL-l-induced stromelysin message in the 
synovium. This effect was demonstrated with ribozymes rec- 
ognizing several distinct sites on the message and with ri- 
bozymes of different stabilization chemistries. Although ri- 
bozymes to all of the sites were shown to be catalytically active 
in biochemical assays, several were ineffective in vivo. This 
demonstrates the need for an empirical determination of 
appropriate target sites. RNA secondary structure or associ- 
ation with cellular proteins may affect target site accessibility. 
In general, ribozymes that contain mutations that render them 
inactive were ineffective in reducing stromelysin mRNA levels, 
thus supporting a cleavage mechanism for ribozyme activity. 
These results suggest that ribozymes may be useful in the 
treatment of arthritic diseases characterized by dysregulation 
of metalloproteinase expression. 

Ribozymes have shown potential as a viable approach for 
the treatment of malignancies and AIDS. In the area of cancer, 
ribozymes to several different targets have been developed 
that are capable of reversing the transformed phenotype and 
reducing cell proliferation or tumorigenicity (13, 37, 38). A 
variety of ribozymes targeting human immunodeficiency virus 
have also been reported (39-41). Thus, a body of literature is 
emerging that illustrates the therapeutic potential for ri- 
bozymes in a broad spectrum of disease conditions. 

The initial findings that synthetic DNA oligonucleotides 
(42) or antisense sequences expressed intracellular^ (43) 
could interfere with gene expression have stimulated consid- 
erable research in the area of antisense therapeutics. Poor 
specificity with DNA oligonucleotides has, however, been a 
recurrent problem with the antisense strategy (44-46). The 
lack of efficacy observed with inactive ribozyme controls in 
this study is evidence of a high degree of specificity by 
ribozymes. In addition, it provides strong support for a cleav- 
age-mediated mechanism of action. 

The therapeutic potential of stromelysin ribozymes in the 
treatment of arthritis remains to be determined. Experiments 
to evaluate the impact of stromelysin reduction on cartilage 
proteoglycan levels remain to be done. We do not yet know 
whether the enzyme levels decrease concordantly with the 
mRNA or the degree of enzyme reduction necessary to see a 
therapeutic effect. Because multiple metalloproteinases may 
be involved in the pathogenesis of arthritis, there may be an 
advantage in targeting more than one enzyme. In addition, 
several delivery issues must be addressed. For example, chon- 
drocytes, as well as synoviocytes, produce stromelysin after 
IL-1 stimulation. We are assessing the relative contribution of 
these enzyme sources to cartilage proteoglycan loss as well as 
the ribozyme uptake by these tissues. For chronic conditions 
such as arthritis, sustained release approaches would be ben- 
eficial, and several are under consideration. 
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